Background: Next-generation RNA sequencing is a rapidly developing technology 22 with complex procedures encompassing different experimental modalities. As the 23 technology evolves and its use expand, so does the need to capture the data 24 provenance from these sequencing studies and the need to create new tools to 25 manage and manipulate these provenance stores. 26 27 Results: Here we used the Ontology for Biomedical Investigations (OBI) and many 28 other ontologies from the Open Biological and Biomedical Ontology (OBO) Foundry 29 as a framework from which to create an application ontology (ORNASEQ: Ontology 30 of RNA sequencing) to capture data provenance for next-generation RNA 31 sequencing studies. Additionally, we provide an extensive real-life sample 32 provenance data set for use in developing new provenance tools and additional 33 sequencing data models. 34 35 Conclusions: The Ontology of RNA Sequencing (ORNASEQ) provides core terms for 36 use in building data models to capture the provenance from next-generation RNA 37 sequencing studies. The supplied sample provenance data also exemplifies many of 38 the complexities of RNA sequencing studies and underscores the need for potent 39 workflow management systems. 40 Keywords 41 Ontology, RNAseq, PROV-XML 42 Fisher, Kim 3 43 Background 44 Until recently the cost of performing next-generation RNA sequencing (RNAseq) 45 experiments limited the amount of data generated by a single lab and managing and 46 properly documenting a few experiments was not fundamentally challenging. 47 Ontology Number Terms BFO: Basic Formal Ontology
However, as sequencing costs have dropped, research groups are now running 48 hundreds, thousands or even tens of thousands of RNAseq experiments, creating a 49 need to systematically document experimental and informatics details and track 50 provenance of the final published or publicly released datasets. RNAseq has also 51 begun making its way into medical diagnostics, where data provenance is a 52 necessity for quality assurance and regulatory compliance. Tracking the data 53 provenance for hundreds or thousands of sequencing experiments in either a 54 research or medical setting requires data models and structures that must be put 55 into place to capture the necessary information at all stages of a sequencing 56 experiment and it's not always obvious what information is necessary. While there 57 are numerous platforms and pipelines to analyze RNAseq data, there are limited 58 data models or ontologies that could be applied to successfully capture the details of 59 an RNAseq experiment [1] [2] [3] [4] [5] [6] . 60 61 Within a single next-generation sequencing experiment there is a dizzying amount 62 of information that must be captured throughout the often-complex experimental 63 procedures and post-sequencing informatics analyses. The problem is further 64
Fisher, Kim 4 complicated by the number of researchers or technicians who might be involved in a 65 single sequencing experiment whose roles are interspersed in irregular patterns; 66 complexity of biological specimens, their origin and experimental designs; and, the 67 frequent disconnect between the biologists running the experiments and the 68 bioinformaticists analyzing the data. Tracking data provenance spanning 69 experiment procedures recorded in lab notebooks belonging to multiple biologists 70 and computer log files residing in a series of cryptic directories on a file system 71 quickly becomes an intractable problem. These challenges suggest a need for a 72 comprehensive next generation sequencing provenance system. Data provenance 73 requires data models, provenance models, and supporting infrastructure. Here, we 74 focus on the first part of data models for RNA sequencing experiments and describe 75 an Ontology for RNA Sequences (ORNASEQ). In addition, we provide a large next-76 generation sequencing use case from an active RNAseq workflow, using the PROV-77 XML database format for the community to use as an example dataset for 78 development of provenance models and tools. 79
Ontology for RNA sequencing 80
The Ontology for RNA Sequencing (ORNASEQ) is an application ontology based 81 largely on the Ontology for Biomedical Investigations (OBI) [1] , using the principles 82 of OBO Foundry [7] . Specifically, ORNASEQ contains 162 terms, 117 of the terms are 83 from 16 existing ontologies, with 28 new terms having now been added to OBI and 84 17 terms being defined directly in ORNASEQ (see Table 1 ). ORNASEQ is designed to 85 annotate RNA-based next-generation sequencing, although much of ORNASEQ 86
Fisher, Kim 5 would also apply to DNA-based next-generation sequencing. The ontology was 87 designed, in part, through efforts to track the data provenance of thousands of 88 Knowing what happens to a data sample prior to sequencing is essential to 96 understanding the analyzed data. The provenance surrounding the preparation of 97 sequencing data can prove invaluable to diagnosing aberrant results. These 98 protocols are often revised over time and as hardware and reagents evolve and a 99 multi-year study will likely include many versions of protocols with varying degrees capture and in what format (e.g. as fields in a database, as a Word or PDF document, 106 or even as a reference to an entry in an electronic notebook). As sequencing 107 preparation protocols are often distributed as PDF or Word documents, trying to 108 track changes across multiple such documents quickly becomes a tedious process 109 that is difficult to automate and nearly impossible to query for specific questions 110 The dataset provided illustrates some of the complexities of the data provenance 208 from downstream processing of NGS data. These complexities will grow as the field 209 evolves. For example, there are now hundreds of variants of basic sequencing 210 protocol that are specific to particular biology applications (e.g., ATAC-seq; [14] ; 211
Drop-Seq; [15, 16] ). Each of these involve variations in experimental and informatics 212 processes. It will become necessary to build workflow management systems and 213 smart clustering algorithms of the provenance[17] to help segment incomplete and 214 erroneous data. We propose that our large real-life dataset example will prove 215 useful in designing future new workflow systems and provenance models. 216 
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